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ABSTRACT: Rare-earth elements, which include the lanthanide
series, are key components of many clean energy technologies,
including wind turbines and photovoltaics. Because most of these
4f metals are at high risk of supply chain disruption, the
development of new recovery technologies is necessary to avoid
future shortages, which may impact renewable energy production.
This paper reports the synthesis of a non-natural biogenic material
as a potential platform for bioinspired lanthanide extraction. The
biogenic material takes advantage of the atomically precise
structure of a 2D crystalline protein lattice with the high lanthanide
binding affinity of hydroxypyridinonate chelators. Luminescence
titration data demonstrated that the engineered protein layers have
affinities for all tested lanthanides in the micromolar-range (dissociation constants) and a higher binding affinity for the lanthanide
ions with a smaller ionic radius. Furthermore, competitive titrations confirmed the higher selectivity (up to several orders of
magnitude) of the biogenic material for lanthanides compared to other cations commonly found in f-element sources. Lastly, the
functionalized protein layers could be reused in several cycles by desorbing the bound metal with citrate solutions. Taken together,
these results highlight biogenic materials as promising bioadsorption platforms for the selective binding of lanthanides, with potential
applications in the recovery of these critical elements from waste.

Bl INTRODUCTION be challenging. Therefore, strategies that exploit more readily
accessible and tunable bioinspired materials would be highly
beneficial for the recovery and purification of rare-earth
elements.

Surface layers (S-layers) are two-dimensional crystalline
arrays of proteins that constitute an external part of the cell
envelope of many bacteria and nearly all archaea.'” Because of
their high-density display, well-defined symmetry, and spacing,
S-layers have been used as scaffolds for a wide range of
applications, such as catalysis, therapeutics, and sensing. *~'°
To date, the structures of only a few S-layer proteins have been
atomically resolved, including those of SbsB (from Geobacillus
stearothermophilus PV72)"” and RsaA (from Caulobacter
crescentus CB15).'® This structural information has allowed
for the genetic modification of both SbsB'? and RsaA,* so that
biomolecules and nanomaterials can be attached in precise,
repeating locations across the 2D lattice. One aspect of interest

Clean energy generation through wind turbines and photo-
voltaics requires metals with a high risk for supply chain
disruption." Among those critical metals, the U.S. Department
of Energy (DOE) has highlighted eight lanthanides (lantha-
num, cerium, praseodymium, neodymium, samarium, euro-
pium, terbium, and dysprosium)” for which new strategies for
recovery and reuse are direly needed. Current industrial
separation processes of lanthanides from waste involve solvent
extraction, where hydrophobic molecules extract the cations
into an organic liquid phase,” or ion exchange, where the
metal chelated by a ligand interacts with a solid phase, such as
functionalized resins.”® These separation strategies, however,
tend to generate large quantities of acidic waste. Moreover,
most commercially available chelating ligands, such as
ethylenediaminetetraacetic acid, are nonselective toward
lanthanides, resulting in low-efficiency separation processes.”
Recent discoveries on natural lanthanide-bindin§ proteins,
such as lanmodulin®® and enzyme cofactor PQQ," as well as Received:  October 12, 2021
designed de novo proteins'"'” have brought attention toward Published: January S, 2022
bioinspired lanthanide extraction strategies. These proteins can

display extremely high binding affinities for f-elements;

however, their applications for large scale extraction or the

separation of each lanthanide from one another are expected to
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Figure 1. (a) Scheme of the SbsB S-layer with the protein domains highlighted in color. (b) Structure of the SbsB protein with the positions
modified with cysteines highlighted in yellow. (c) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) immunoblot of wild-

type (wt) and four cysteine-modified (cys,) SbsB before and after His-tag cleavage (indicated as

« » « »

u” and “c” for uncleaved and cleaved protein,

respectively). (d) Scanning transmission electron microscopy (STEM) and (e) high-resolution atomic force microscopy (HR-AFM) height images
of SbsB protein S-layers modified with four cysteines. The STEM sample was imaged in holey carbon film with a Cu grid, and the S-layer profile is

highlighted with a yellow dashed line for clarity.

for such modifications is the demonstrated potential of
engineered S-layers and other surface-displayed proteins to
render bacterial cells more specific as metal biosorbents.
Bacteria display a variety of chemical groups that permit
nonspecific biosorption of metals and other pollutants from
waters and soils, since they can be more efficient than
commercial adsorbents.”’ To enhance their selectivity, surface
modifications through bioengineering and chemical methods
have been developed,21 including for instance, the function-
alization of S-layers with metal-binding units, leading to a
higher selectivity toward heavy metals.””** However, those
biogenic materials have been primarily focused on the
extraction of metals from the d-block. Recently, bacteria have
been engineered to display lanthanide-binding tags, short
peptides that show high affinity for lanthanides, resulting in a
higher binding selectivity toward those rare-earth elements and
good separation performance.”*”> Nevertheless, lanthanide-
binding tags have low affinity for lanthanides in acidic
conditions, particularly below pH 4.5, limiting their application
during separations of acidic leachates. Ligands containing
bidentate hydroxypyridinonate (HOPO) moieties are good
alternatives to lanthanide-binding tags, since they show high
binding affinity and selectivity for f-block elements, and they
can quantitively bind to the f-elements even in strong acid
conditions.”**” Although HOPO-based ligands have been
widely used in separation,”®*” decorporation,”* ™ therapeu-
tics,”” and detection,””” they have not been incorporated yet
into biogenic materials. A biosorbent technology that
combines the well-ordered two-dimensional structure of S-
layers with the high affinity of HOPO units for lanthanides
would represent an advancement in the separation and
extraction of these metals from waste waters.

Here, we report the synthesis of a non-natural biogenic
material constituted by engineered SbsB S-layers and HOPO

855

binding units for the selective bioadsorption of lanthanides.
SbsB S-layers were engineered to display four cysteine residues
per monomer, which were used as attachment points for the
HOPO moieties. The binding capabilities of the resulting
HOPO,—SbsB S-layers were evaluated through spectrofluori-
metric titrations. The dissociation constants (Kp) were
determined to be in the micromolar-range for all tested
lanthanides, with the S-layer showing a higher binding affinity
for those lanthanides with a smaller ionic radius. Furthermore,
competitive titrations confirmed the higher selectivity of
HOPO,—SbsB for lanthanides compared to other metal ions
commonly found in f-element sources. Lastly, HOPO,—SbsB
could be reused in multiple cycles by employing a
biocompatible desorbing agent, such as sodium citrate.

B RESULTS AND DISCUSSION
Engineering SbsB S-Layers to Display HOPO Ligands.

S-layers made of SbsB proteins were chosen as scaffolds for the
biogenic material because of their highly symmetrical structure
(Figure 1a), ease of expression and modification, and lack of
cysteines in the wild-type sequence. The SbsB expression and
purification was performed in Escherichia coli following a
modified version of a previous published protocol,® which
included the use of cleavable polyhistidine tags (His-tags,
Figure S1).”” We previously engineered SbsB proteins to
incorporate cysteines,'~ which we used in this work as surface
covalent attachment points for the HOPO chelating units.
Because siderophore-derived ligands require four HOPO
subunits to maximize their affinity for lanthanides,”® we
chose a strain with four superficial cysteines (forming an ~1
nm X ~1 nm square), which in our previous work was used to
bind gold nanoparticles on the surface of the S-layer.'” The
cysteine locations within the protein were selected on the basis
of their relative proximity and surface accessibility (Figure 1b).

https://doi.org/10.1021/jacs.1c10802
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Figure 2. (a) Scheme of the coupling reaction between HOPO chelate and cysteine-modified SbsB. (b) Emission spectra of SbsB coupled with
HOPO (HOPO,—SbsB), SbsB, and HOPO after excitation at 315 nm. (c) HR-AFM height image of HOPO,—SbsB flakes. (d) HR-AFM images of

HOPO,—SbsB periodic structure.

Immunoblot analysis showed bands at ~96 kDa for the wild-
type protein (wt-SbsB), in agreement with previously reported
data,’” and for the modified SbsB with four cysteines (cys,-
SbsB) before and after the His-tag cleavage (Figure Ic).
Confocal microscopy (Figure S2a,2b) confirmed that both
wild-type and cysteine-modified SbsB formed S-layer sheets.
The cysteine-modification did not disrupt the formation of the
lattice structure in the S-layers, as observed by scanning
transmission electron microscopy (STEM, Figure 1d) and
high-resolution atomic force microscopy (HR-AFM, Figure
le). Furthermore, HR-AFM line profile analysis showed that
both wt-SbsB and cys,-SbsB had crystalline lattice structures
with 10 nm repeating lengths (Figure S3), further confirming
that cys,-SbsB retains the nanoscale structure of native SbsB.

The siderophore-inspired 3,4,3-L1(1,2-HOPO) chelator has
shown a high affinity for f-block elements under a wide range
of experimental conditions.”***”** Hence, we chose the
HOPO subunits from this archetype ligand as metal binding
moieties for the biogenic material. The HOPO units
conjugated with maleimide groups (Figure S4) were coupled
to the SbsB cysteines through maleimide coupling at pH 7.3
for S h (Figure 2a). To ensure the functionalization of all
cysteines, a 50-fold excess of chelator to cysteine was used.
After washing three times, luminescence spectroscopy of the S-
layers showed the presence of both SbsB and HOPO units
(Figure 2b), which confirmed that the coupling between the
cysteines and the maleimide-terminated chelating units was
successful. A functionalization yield of ~95% was estimated by
labeling the remaining free cysteines (after HOPO function-
alization) with Cy3-maleimide dye (Figure SS). After the
functionalization with HOPO, the S-layers remained as 2D
sheets (Figure 2c and Figure S2c), and their crystalline lattice
structure (Figure 2d) with the characteristic 10 nm repeating
length was preserved, as shown by HR-AFM line profile
analysis (Figure S3).
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Selective Binding of Lanthanides to the Engineered
S-Layer. We first explored the binding between lanthanides
and HOPO-functionalized SbsB layers (HOPO,—SbsB) using
Eu®" since it is one of the critical elements highlighted by the
U.S. DOE and its luminescence can be sensitized by HOPO
moieties. Hence, we assessed the binding of Eu®* to the S-layer
surface through direct spectrofluorimetric titration. Different
concentrations of metal (from 0 to 180 uM) were added to 30
ug/mL S-layer solutions (0.3 uM, either HOPO,—SbsB or wt-
SbsB) at pH 6.0. This pH was selected because it is commonly
used during rare-earth element recovery with biomaterial-
based protocols, as it is low enough to prevent metal
precipitation in the form of oxides but not acidic enough to
damage most biomaterials.”*** After a 15 min incubation
period at room temperature, the solution emissions were
recorded under excitation at 315 nm (i.e., the position of the
HOPO absorption band maximum). An emission band
centered at 622 nm, which is characteristic of Eu®*,***® was
observed after the addition of the metal to the HOPO,—SbsB
solutions (Figure 3a). As the concentration of Eu** increased,
so did the emission intensities of the HOPO,—SbsB solutions,
confirming the binding between the metal and the HOPO
moieties. In the case of wt-SbsB solutions, no emission band
was observed after the addition of Eu®" (Figure 3b). The
distinct behaviors of HOPO,—SbsB and wt-SbsB are clearly
observed in Figure 3c. A dissociation constant (Kp) for the
binding of Eu®>* to HOPO,—SbsB at pH 6.0 of 22.6 + 1.6 uM
was determined with the titration data (Figure S6). A Hill
coeflicient of 1 was obtained with the titration data, likely
reflecting the binding of one Eu** ion to the four HOPO units.
This is the same stoichiometry that has been reported for the
binding between lanthanides and other HOPO-based
ligands.”**® It is worth noting that K, values are pH
dependent, as they are affected by both protonation of the
ligand and speciation/precipitation of the metal.*' Similar
results were obtained for spectrofluorimetric titrations using

https://doi.org/10.1021/jacs.1c10802
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Figure 3. Emission spectra of (a) HOPO,—SbsB or (b) wt-SbsB (0.3 £M) after the addition of different amounts of Eu** (from 0 to 160 uM). (c)
Emission at 622 nm after the addition of Eu**. (d) Normalized emission at 622 nm after the addition of Fe**, AI**, Zn**, Mg?*, Ca?*, K*, or Na* to
solutions containing HOPO,—SbsB (0.3 uM) and Eu®* (80 uM). The curves have been offset for clarity. All experiments were performed at pH 6.0
(0.375 M MES). The excitation wavelength for all measurements was 315 nm.

280 nm excitation (wavelength used to excite tyrosine and
tryptophan residues), in which solutions containing HOPO,—
SbsB and Eu’* showed emission while solutions containing wt-
SbsB and Eu** did not (Figure S7). The emission intensities of
the HOPO,—SbsB solutions, however, were lower when
exciting at 280 nm compared to 315 nm, suggesting that the
energy transfer between the amino acids and the metal was a
less efficient process compared to the energy transfer between
HOPO units and Eu’*. Taken together, these results indicate
that the binding between the HOPO moieties and Eu®* occurs
near tyrosine and tryptophan residues. In the case of the wt-
SbsB, the results suggest that there is no metal binding near
any of these two types of amino acids. Although 280 nm
excitation only sensitizes metal ions near tyrosine and
tryptophan residues, SbsB contains over 20 tyrosine and 3
tryptophan residues spread throughout its structure (Figure
S8). Hence, these measurements can provide qualitative
information regarding the nonspecific binding of Eu®* to the
S-layer.

Because lanthanides are mixed with other metals in waste
and natural ores, we assessed Eu** binding to HOPO,—SbsB in
the presence of other cations commonly found in source
materials. Competitive spectrofluorimetric titrations were
carried out by adding increasing amounts of competing metals
to solutions made of HOPO,—SbsB (0.3 uM) and Eu** (80
uUM). As Eu** was displaced from the HOPO moieties by the
competing metals, its luminescence decreased (Figure 3d).
Nevertheless, HOPO,—SbsB displayed a higher selectivity
toward Eu** compared to the tested metals. For instance,
additions of up to 1 mM of competing cations (1 order of
magnitude higher than Eu*") did not affect the Eu** binding, as
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the luminescence of the samples remained constant, except for
Fe*" and Al**, which decreased the sample emissions by 63 +
1% and 34 + 1% after the addition of 1 mM Fe>* and AI**,
respectively. Overall, these experiments confirmed the higher
selectivity of HOPO,—SbsB for Eu®" compared to other metal
ions commonly found in natural and anthropogenic sources of
lanthanides.

We also studied the effect of pH on the binding between the
functionalized S-layer and Eu®*. All samples containing Eu®*
and HOPO,—SbsB showed emission at 622 nm from pH 4 to
7, indicating metal binding (Figure S9). The emission
intensities decreased as the acidity of the solution increased.
These results were consistent with a previous publication that
characterized the emission of Eu®*" with 3,4,3-LI(1,2-HOPO),
the corresponding octadentate ligand architecture. Although
most Eu** was complexed by 3,4,3-LI(1,2-HOPO) at any point
from pH 2 to 8, a decrease in emission intensity was observed
as acidity increased, due to the protonation of the HOPO
units.’® Because some key biomaterials used for rare-earth
element recovery lose most metal binding capabilities at pH
5,7%*° we further performed a spectrofluorimetric titration at
such a low pH (Figure 4a). As previously observed, the
emission intensities of the samples were 1 order of magnitude
lower at pH 5.0 compared to the same samples at pH 6.0
(Figure 4b). To better understand the impact of pH in our
system, we determined the K, of the binding at pH 5.0 using
the titration data (Figure S10). Decreasing the pH from 6.0 to
5.0 resulted in an increase of the Ky from 22.6 + 1.6 to 43.7 +
14.1 uM. Hence, although increasing the solution acidity
decreased the binding affinity between HOPO,—SbsB and
Eu*, the Kp, values at both pH were in the micromolar-range,

https://doi.org/10.1021/jacs.1c10802
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Figure 4. (a) Emission spectra of HOPO,—SbsB (0.3 uM) after the
addition of different amounts of Eu** (from 0 to 160 uM) at pH 5.0
(0.375 M acetate buffer). (b) Emission at 622 nm after the addition of
Eu’* at pH 5.0 or 6.0. The excitation wavelength for all measurements
was 315 nm.

highlighting the good affinity of the HOPO-moieties for the
metal.

Next, we assessed the binding selectivity of HOPO,—SbsB
for different lanthanides. It is noteworthy that discriminating
lanthanides is very challenging because of their consistent
properties, such as a similar ionic size and preference for the
+3-oxidation state."” Thus, a biogenic material that displays
distinct binding affinities across the series would be highly
beneficial for not only lanthanide recovery but also separation.
Spectrofluorimetric titrations were performed by adding
increasing amounts of competing lanthanides (e.g, La*,
Ce*, Pr’*, Dy*, and Ho*) to solutions made of HOPO,—
SbsB (0.3 uM) and Eu®* (80 uM). Because the luminescence
of the competing lanthanides was not sensitized by the HOPO
moieties, Eu®* displacement from the functionalized S-layer
could be tracked by the decrease of its luminescence (Figure
5). The titration data was used to determine the Ky of the
different lanthanides (Table 1), which ranged from 9.0 = 0.6
(Ho*") up to 452.8 + 121.0 uM (La*"). These values were in
the same range (slightly higher) as those previously rezported
for S-layers modified with lanthanide binding tags.
system, however, preserved the binding affinity at pH 5.0,
while previous systems lost the majority of their metal-binding
capabilities at such a low pH.”***

The Ky values were over 30-fold larger than the protein
concentration used during the titrations. Hence, the titrations
were performed under a binding reglme, and the values were
determined under adequate conditions.”’ Considering overall
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Figure 5. Normalized emission at 622 nm after the addition of La*",
Ce*, Pr**, Dy*, or Ho> to solutions containing HOPO,—SbsB (0.3
uM) and Eu®* (80 uM). The curves have been offset for clarity. All
experiments were performed at pH 6.0 (0375 M MES). The
excitation wavelength for all measurements was 315 nm.

Table 1. Summary of Equilibrium Dissociation Constants
(Kp) for HOPO,—SbsB and Lanthanide Complexes
Measured at pH 6.0

lanthanide Kp (uM)
La** 452.8 + 121.0
Ce¥* 72.7 + 5.7
Pt 26.0 + 2.7
Eu®* 22.6 + 1.6
Dy* 10.0 + 1.6
Ho** 9.0 + 0.6

trends, the binding affinities increased (decreasing K, values)
across the lanthanide series, with up to 2 orders of magnitude
difference between La and Ho. This effect is similar to but less
pronounced than that observed with the archetype octadentate
ligand 3,4,3-LI(1,2-HOPO). % This trend is usually attributed
to a combination of the decreasing cation radii size and the
increasing metal’s Lewis acidity when progressing throughout
the 4f series. However, it may be less prominent for the protein
structure than for the small molecule analogue, as there is more
accessibility in the latter to accommodate water molecules
within the complex inner sphere, thereby amplifying differ-
ences in coordination numbers. In contrast, a large macro-
molecular structure may shield the immediate vicinity of the
metal center from additional coordinating water molecules.

Lastly, we designed a strategy to recycle the functionalized S-
layers in order to reuse them for multiple extraction cycles.
Hence, we performed several cycles of Eu®* binding and
desorption from the HOPO,—SbsB, tracking the metal binding
by measuring the emission intensity at 622 nm. To promote
the release of the Eu’f, we employed sodium citrate, a
biocompatible chemical commonly used for metal desorption
from surfaces™ (for details about the experiment refer to the
experimental section in the Supporting Information). As
shown in Figure 6, the Eu** binding to the functionalized S-
layer was reversible; it was also rapid, as equilibrium was
reached within a few minutes for each measurement.
Furthermore, the binding capacity of the HOPO,—SbsB was
preserved after using the citrate solution. Therefore, these
results indicate that our biogenic material can be reused in
multiple extraction cycles.

Although the HOPO,—SbsB layers can be used directly as
biosorbent substrates for lanthanide recovery and recycle, we
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Figure 6. Normalized emission at 622 nm after the addition of Eu®*
(80 uM) or sodium citrate (S0 mM) to solutions containing
HOPO,—SbsB (0.3 uM). All measurements were performed at pH
6.0 (0.375 M MES). The excitation wavelength for all measurements
was 315 nm.

envision (and are currently working on) engineering live
bacteria, which would display HOPO,—SbsB on their surface.
Hence, films of bacteria exposed to lanthanide-rich solutions
could be used to recover the metals, which then could be
desorbed from the S-layers by citrate treatments.

B CONCLUSIONS

In summary, we have developed a biogenic material that
selectively binds to lanthanides by combining SbsB S-layers
and HOPO moieties. The proteins were engineered to display
four cysteine residues that were later used to attach the HOPO
binding units. The resulting HOPO,—SbsB preserved the two-
dimensional crystalline structure of the S-layer, as well as the
high binding affinity of HOPO ligands for f-elements (Kp, for
all tested lanthanides were in the micromolar-range). In
addition, the HOPO,—SbsB layers were selective toward
lanthanides, withstanding the presence of competing metals
with concentrations up to 1 order of magnitude greater than
Eu®" without affecting the lanthanide binding to the HOPO
unit. Lastly, HOPO,—SbsB could be reused in several cycles by
desorbing the bound metal with citrate solutions. All these
results indicate that the functionalized S-layer is a promising
and reusable bioadsorption platform for selective lanthanide
binding with potential applications in the recovery of these
critical metals from waste.
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